Protein homeostasis refers to the ability of cells to generate and regulate the levels of their constituent proteins in terms of conformations, interactions, concentrations and cellular localisation. We discuss here an approach in which physico-chemical properties of proteins and their environments are used to understand the underlying principles governing this process, which is crucial in all living systems. By adopting the strategy of characterising the origins of specific diseases to inform us about normal biology, we are bringing together methods and concepts from chemistry, physics, engineering, genetics and medicine. In particular, we are using a combination of in vitro, in silico and in vivo approaches to study protein homeostasis through the analysis of the effects that result from its perturbation in a select group of specific proteins, from either amino acid mutations, or changes in concentration and solubility, or interactions with other molecules. By developing a coherent and quantitative description of such phenomena, we are finding that it is possible to shed new light on how the physical and chemical properties of the cellular components can provide an understanding of the normal and aberrant behaviour of living systems. Through such an approach it is possible to provide new insights into the origin and consequences of the failure to maintain homeostasis that is associated with neurodegenerative diseases, in particular, and the phenomenon of ageing, in general, and hence provide a framework for the rational design of therapeutic approaches.
Introduction
One of the essential characteristics of living systems is the ability of their molecular components to self-assemble into functional structures.
1,2 Equally important, however, is the way in which the processes leading to this organisation are balanced within the cellular environment through the mechanism of homeostasis. [3] [4] [5] [6] [7] Of central importance in the study of this mechanism is to focus specifically on proteins, since these are the molecules that enable, regulate and control essentially all chemical processes on which life depends. In order to function, the large majority of our proteins need to fold into a specific three-dimensional structure. 4, [8] [9] [10] Indeed, the wide variety of highly specific structures that results from protein folding, and which serve to bring key functional groups into close proximity, has enabled living systems to develop astonishing diversity and selectivity in their underlying chemical processes by using a common set of just twenty building blocks-the amino acids.
11 Much research has addressed the fundamental mechanism of protein folding through a combination of in vitro and in silico studies, and we now have considerable understanding at a molecular level of the fundamental principles underlying this complex process. 8, [12] [13] [14] The next challenge is to relate this information to events occurring in living systems.
As well as simply generating biological activity, however, we now know that protein folding in living systems takes place in a complex environment, and as a polypeptide chain emerges from the ribosome on which it has been synthesised, it interacts with a wide range of ancillary molecules including molecular chaperones. 4, 15, 16 Much less is known about such events at a molecular level and a primary objective in protein science is to extend the studies of folding from the test tube to the cell, and to understand how this process takes place in the cellular environment. Moreover, it is clear that protein folding and unfolding are closely coupled to many other biological processes ranging from the trafficking of molecules to specific cellular locations to the regulation of the growth and differentiation of cells. 7, 10 In addition, only correctly folded proteins have the ability to remain soluble in crowded biological environments and to interact selectively with their natural partners.
10, 15 The manner in which proteins are able to maintain such homeostasis is a subject of central interest in molecular biology.
Given the tremendous importance of protein folding, it is not surprising that the failure of proteins to fold correctly, or to remain correctly folded, is the origin of a wide variety of pathological conditions, including cystic fibrosis, a1-antitrypsin deficiency and Alzheimer's disease. 10, [17] [18] [19] [20] In many of these diseases proteins selfassemble in an aberrant manner into large molecular aggregates, including amyloid fibrils. Considerable attention has been devoted to exploring the nature and origin of such disorders from a structural viewpoint and to understanding the manner in which the balance between normal and aberrant conformational transitions can be perturbed. 20 Several studies have involved in vitro studies coupled with computer simulations, [20] [21] [22] [23] and many others have been concerned with the goal of relating processes studied in atomic detail in the test tube to their quantitative effects in living systems. [24] [25] [26] Moreover, recent findings suggest that further developments in this area could have much more general relevance to understanding the way in which well-established physical and chemical principles can provide new insights into the apparent complexity of biology.
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The discovery of the common existence of amyloid and amyloid-like states is of unique importance in understanding the nature of biological systems because it reveals that there is an alternative stable and highly ordered state, accessible essentially to all proteins, in addition to the native one; 10, 28, 29 this observation has profound implications in diverse fields ranging from medicine to materials science. Because the structural interactions within the amyloid state and the native state are similar-although the latter are largely intramolecular whilst the former also include strong intermolecular contributions-the stability of the native and amyloid states can be comparable. 30 There is thus a competition between the two states that results in normal or aberrant biological behaviour depending on whether the native or the aggregated state is populated. 10, 28, 29 More generally, the maintenance of the correct balance in the populations of different states of proteins, one facet of protein homeostasis, is of great significance, as even marginal alterations in such populations can result in disease in the long term. 7, 27 Indeed, it has been recently realised that the limit to the safe concentration of proteins in living systems is likely to be reached when the amyloid state becomes more stable than the native state.
It is therefore of great importance to complement the well-established characterisation of the structure, folding and stability of native states with a similar analysis of the structure, assembly and stability of other states-ranging from unfolded and partially folded species, including natively unfolded states, to aggregated species such as amyloid fibrils. This is one of the main thrusts of our own work, together with the exploration of the effects of the balance between the normal and aberrant states of proteins in living organisms such as the Drosophila model system, which we believe will inform us on the origins of amyloid-related disease and hence more generally on the mechanism of protein homeostasis.
A conceptual framework for understanding protein homeostasis
It is becoming clear that the interplay between the various states of different protein molecules creates a highly complex system, whose behaviour determines whether a living organism functions in a normal or aberrant manner, and yet, as with other complex systems, 31,32 may be determined by the combination of relatively simple underlying processes. 3, 6, 33 This complexity 6 underlies the phenomena now often referred to as protein homeostasis or ''proteostasis'' 7 perhaps in a similar manner that, for example, individual organisms interact 34 in an ecosystem. The investigation of this particular class of biological molecules could therefore potentially shed a great deal of light on more general questions of the design and evolution of biological molecules and the environments in which they function. Such information lies at the heart both of understanding the molecular aspects of the phenomenon of life and of rational approaches to molecular medicine.
In this paper we present a strategy for describing and understanding in a coherent manner the behaviour of proteins in living systems, including their folding, misfolding and assembly processes. Our approach is primarily based on five technical and conceptual developments that have recently been made in protein science:
(1) The ability to describe quantitatively, by a combination of experimental and computational approaches, the often disordered and dynamic structures of the multiple states of proteins on which their biological behaviour depends.
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(2) New ideas about protein aggregation, 10, 28 including the finding that the ability to assemble into stable and highly organised structures (e.g. amyloid fibrils) is not an unusual feature exhibited by a small group of peptides and proteins with special sequence or structural properties, but rather a property shared by most, if not all, proteins; (3) The discovery that specific aspects of protein behaviour, including their aggregation propensities 21, 23, 39, 40 and the cellular toxicity associated with the aggregation process, 24, 41 can be predicted with a remarkable degree of accuracy from the knowledge of their amino acid sequences; (4) The realisation that a wide variety of techniques originally devised for applications in nanotechnology can be used to probe the nature of protein aggregation and assembly and of the structures that emerge;
30,42-44 and (5) The development of powerful approaches using model organisms for probing the origins and progression of misfolding diseases by linking concepts and principles emerging from in vitro studies to in vivo phenomena such as neurodegeneration. 24 An analysis of these results, which span across a wide range of subjects from neuroscience to nanoscience, reveals that the ability to keep proteins in their soluble form is absolutely central for the maintenance of cell homeostasis.
Protein solubility and biological complexity
Considerable advances have been made in recent years in the search for the chemical and physical principles that underlie the complexity of biological phenomena. We believe that it is possible to describe, for example, processes such as folding and aggregation, at least in outline, in generic terms and link them to well-established and quantifiable concepts of chemistry and physics. In this context, it should then be possible to study in depth a relatively small number of carefully chosen proteins, and yet extract general principles from such studies. In particular, we believe that there are many common features underlying the diseases associated with amyloid formation. Thus, much of our research is focused on the development of this theme using amyloid-related diseases as a paradigm of the way the ideas of chemistry and physics can provide fundamental insight into both normal and aberrant behaviour and suggest novel therapeutic strategies.
Biological systems have evolved to be efficient by achieving astonishing levels of molecular crowding within cells and extracellular space, which is of the order of 10 Information can then be transmitted rapidly, largely by molecular diffusion, between different components enabling them to function efficiently.
3 Molecules such as proteins remain soluble and able to avoid interaction with all but a relatively small and specific selection of other molecules, yet are composed of chemical species that are often extremely hydrophobic and prone to self-assemble. We are beginning to think that the ability to maintain the solubility of its component molecules is of much more general significance in biology than previously imagined. 27 Thus the observation that the sequence determines the solubility of proteins 45 could be just as important as the fact that it determines their structure and the ability to fold. As we understand in increasing detail how sequences define solubility, it is becoming possible to predict aspects of biology in ways that were previously unsuspected.
Multiple forms of protein structure
Much is understood about the nature of globular protein structures and about the principles by which isolated denaturated polypeptide chains are able to achieve such states. 4, [8] [9] [10] A more complete knowledge of the behaviour of proteins in the cell has, however, been limited by the challenges involved in defining the structures of native states in complex environments and of the highly dynamic structural ensembles that describe most of the additional forms of proteins that are now known to be of biological importance, including natively unfolded states and partially folded states involved in folding and in aggregation.
A detailed structural description of native and non-native states lies at the heart of our ability to describe in a quantitative manner the complex behaviour of proteins within a cell. Powerful techniques are being developed to complement more established methods to overcome the challenges posed by the task of providing such a description. 30, [42] [43] [44] 46 Our own approach is based primarily on methods that directly combine experimental and computational techniques. 5, 6, 35 These procedures involve the use of experimental data, largely derived from NMR spectroscopy, as restraints in computer simulations. 36, 37 We have already used in this way a range of different types of experimental data, for example distance measurements from paramagnetic probes introduced by mutagenesis, 47, 48 and structural and dynamical information from hydrogen-deuterium exchange experiments.
49-51 But a major breakthrough has come recently through the discovery 37,52-55 of ways in which chemical shift data can be used in this approach to generate structures of native states to an accuracy comparable to that of conventional methods (Fig. 1 ). The use of chemical shifts requires only a resolved and assigned spectrum and thus renders unnecessary the measurement of large numbers of additional parameters such as interatomic distances derived from nuclear Overhauser effects (NOEs). The latter measurements are very challenging (and in practice virtually impossible) in highly dynamical systems and for the conformationally heterogeneous states populated, for example, along the folding and misfolding pathways.
These chemical shift techniques, particularly in conjunction with the measurement of residual dipolar couplings (RDCs), can be used to generate structural ensembles of non-native states for which these parameters are often the only ones that can be readily measured. 56, 57 These methods can be used to study a wider range of protein states, including highly dynamical ones such as low-populated conformations involved in the folding and misfolding processes. Indeed we have already provided a proof of principle that the use of chemical shift restraints, here derived from relaxation dispersion techniques, can be used to characterise transient species. 58 We believe that these computational approaches, as well as advances in experimental techniques that enable the systematic measurements of chemical shifts in non-native states of proteins, 56 will enable us to increase very considerably the resolution to which this type of non-native structure can be determined.
This approach should enable the characterisation of proteins whose structures have proved elusive by conventional means, but which are crucial to understanding the process of protein folding. Two recent studies 59, 60 have already demonstrated this approach by using as test cases calmodulin, 59 a protein that plays an essential role in signal transduction pathways, and ubiquitin, 60 a protein that is a key component in degradation pathways, that the use of molecular dynamics simulations with NMR restraints 36 enables the changes in structure and dynamics upon binding to be described at nearly atomic level resolution, thus enabling analysis of the molecular mechanisms responsible for binding to be carried out. These studies have provided strong support for the ''equilibrium shift'' model, 61, 62 according to which the conformations that proteins adopt in the bound state are already present, although with low statistical weights, in the unbound states in solution. This mechanism enables proteins such as calmodulin and ubiquitin to interact with large numbers of other proteins in a selective and efficient manner.
Another crucial area in which the inclusion of experimental measurements in molecular dynamics simulations is having a major impact is in the investigation of the structures of protein complexes, where even weak interactions can be detected by NMR methods. 63 In a first study, 53 we have already established, using the case of the structure of the cytotoxic endonuclease domain from bacterial toxin colicin (E9) in complex with its cognate immunity protein (Im9), 64 that chemical shifts enable the determination of protein complexes even when the complexes themselves exhibit significant dynamics and the component proteins undergo conformational rearrangements upon binding. It is also possible to determine the structure of protein-protein complexes using chemical shift information when the chemical shift Fig. 1 Comparison between protein structures determined by X-ray crystallography (pink) and by the technique that we have recently introduced that uses only NMR chemical shift information (blue). 37 Despite being only at the initial stages of development of the method, we are already able to generate structures of globular proteins of up to 120 residues in length that agree with the those determined by conventional methods with RMSD values of 1.2-1.8 A for the backbone atoms and 2.1-2. 6 A for the side-chain atoms.
This journal is ª The Royal Society of Chemistry 2009 changes upon binding are relatively small and hence particularly difficult to compute accurately. This result is a consequence of the well-known fact in NMR spectroscopy that the availability of a large number of restraints-in this case derived from chemical shifts-can provide enough information for high-resolution structure determination, even if they are not accurately known individually. 65 We have developed a computer code called CamDock to enable the structures of protein-protein complexes to be determined by combining advanced docking methods 53 with the information provided by chemical shifts 53 and residual dipolar couplings.
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It is then of very great importance to be able to relate the principles that emerge from studies in the test tube to analogous events occurring in the cell. Interesting work has been done using NMR spectroscopy in environments designed to mimic the cellular milieu, 67 but our ambition is to go further and ultimately to explore processes taking place in the cellular environment itself.
One of the most fundamental, and yet so far elusive, aspects of protein folding concerns the way in which this process is initiated during or following biosynthesis on the ribosome, i.e. the manner in which folding occurs in the cellular environment. 4, 9, 15, 16 We have recently shown the feasibility of applying advanced NMR techniques to obtain detailed structural insights into the conformations of nascent proteins during the process of their synthesis on the ribosome. 38 In collaboration with Dr John Christodoulou (UCL) we generated ribosome-nascent chain complexes (RNCs) by arresting RNA translation, and used this technique in the first instance to study a tandem immunoglobulin (Ig) domain repeat (Ig2) of an actin-binding protein. 38 Analysis of the spectra of these RNCs selectively 15 N/ 13 C-labelled in the nascent chains reveals that the first Ig domain of the translation-arrested nascent chain is able to fold to a native-like state that remains tethered to the ribosome by the second highly disordered Ig domain. This study is now being extended by studying nascent chains of different lengths to probe the progressive development of structure in a growing nascent chain. We believe that this approach can open the door to descriptions at an atomistic level of detail of the process of co-translational folding, so as to characterise in detail the process by which proteins fold as the nascent chain emerges from the ribosomal exit tunnel.
In the immediate future, there are also great opportunities provided by the inclusion of NMR observables, including chemical shifts, 37,52-54 residual dipolar couplings 68 and interatomic distances obtained by paramagnetic relaxation enhancement experiments, 47, 48 with molecular dynamics simulations to probe in detail the crucial processes by which cellular components such as molecular chaperones, including Hsp70 and trigger factor, interact with nascent chains and help to promote correct folding and inhibiting misfolding and aggregation. 4, 15 This work has the potential of opening up a vast range of new opportunities to explore the study of the fundamental mechanism of folding in environments directly relevant to living systems.
Molecular basis of protein aggregation
The structures, dynamics and interactions that stabilise protein aggregates are difficult to study, since these species are often insoluble and resist crystallisation, thus making it very challenging to apply standard solution NMR spectroscopy and X-ray crystallography techniques. 20, 69 Interdisciplinary approaches appear to be particularly suitable to address the problem of describing the structures of a variety of protein assemblies.
Very considerable progress has been recently made to characterise quantitatively the physical properties of fully formed amyloid fibrils and of their partially ordered protofibrillar precursors by bringing together solid-state NMR spectroscopy, cryo-electron microscopy and techniques of nanoscience. Advances in solid-state NMR methods are making it possible to obtain interatomic distance information in states that are insoluble and non-crystalline such as amyloid fibrils. 69 In addition to information about the structure of the amyloid fibrils formed by an 11-residue fragment of human transthyretin, these approaches have provided great insight into the structures of amyloid fibrils formed by several other peptides and proteins, including Het-S and Ab.
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Together with the strategy mentioned above, nanoscience techniques are also emerging as powerful tools that can provide insight into the factors that stabilise amyloid fibrils. 30, 42, 44 In an initial study, by using atomic force microscopy (AFM) imaging we described the changes in the distribution of inter-versus intra-molecular bonding interactions associated with the transition of proteins from their native globular structures into ordered supramolecular assemblies. This work reveals that hydrogen bonded arrays of polypeptide chains exhibit material properties intermediate between those of hard materials such as steel and carbon nanotubes and softer biological fibres such as tubulin and actin (Fig. 2) . 30 AFM and other techniques also generate information about the dimensions of the cross-b structural core of amyloid fibrils and of the less structured regions flanking them. These measurements provide unique insight into the kinetic and thermodynamic factors responsible for the stability of amyloid fibrils.
Much of our current understanding of the process of aggregation has been obtained by light scattering and fluorescence measurements of the kinetics of their growth. 20, 29 As the spectroscopic signals in these techniques do not exclusively arise from amyloid fibrils but also from other types of aggregates that may be present in solution, and because of the non-linear relationship between aggregate abundance and signal intensity, the results can be difficult to interpret in a highly quantitative manner. In order to overcome such problems we have shown that very accurate measurements of growth rates can be obtained by a strategy in which real-time monitoring of the increase in mass of the fibrils themselves is carried out by measuring the variation in the frequency of a quartz crystal oscillator. 42 The application of this quartz crystal microbalance technique for monitoring the kinetics of aggregation of a series of proteins and under a variety of conditions is enabling a systematic analysis of the factors that can influence protein aggregation, particularly the mechanism by which molecular chaperones can inhibit fibril growth. 
Origins and consequences of aggregation in living systems
As we have discusses above, a wide range of human diseases is associated with protein misfolding and aggregation. 10, [17] [18] [19] [20] A powerful approach that has recently been proposed to study these phenomena is based on the combination of in silico, in vitro and in vivo studies to investigate the factors responsible for the abnormal assembly of proteins into insoluble aggregates and the effects that these conformational species have once released in the cellular environment.
Considerable progress has been made in characterising the major physicochemical factors that promote the aggregation of polypeptide chains, and increasingly sophisticated computational approaches have been developed 21, 23, 39, 40 that enable predictions to be made about a variety of features of the process of aggregation of peptides and proteins. On this basis a method of predicting ''aggregation propensity profiles'' has been established that enables the identification of regions with a high intrinsic propensity for aggregation, 21, 23, 39, 40 providing a platform for further development of this approach.
In the case of fully folded proteins, we have shown that it is possible to take into account the fact that the most amyloidogenic regions are protected from aggregation since they are located in the structural core of the native state and hence they are unable to form inter-molecular interactions without at least a degree of unfolding.
23
In essence, given the amino acid sequence of a protein, we have shown how it is possible to combine the predictions of the intrinsic aggregation propensity profiles with those for folding into stable structures to determine new aggregation propensity profiles of structured or partially structured proteins that account for the influence of the structural context. We have provided a initial demonstration of the potential of this approach through its application to the prediction of aggregation profiles for a range of peptides and proteins whose aggregation propensities have been characterized experimentally in particular detail, including the human prion protein, which is involved in sporadic, inherited and infectious forms of Creutzfeld-Jakob disease.
We anticipate that, in addition to its relevance for understanding misfolding diseases, the insight provided by these studies will in time represent a significant contribution to improving the biotechnological production of therapeutic peptides and proteins, in drug discovery initiatives and for antibody production. The ability to design rationally, and with increasing reliability, specific amino acid substitutions capable of altering significantly the aggregation propensities of peptides and proteins will enable us to investigate the physico-chemical factors responsible for the formation of amyloid fibrils and their oligomeric precursors.
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A range of strategies is being developed to combine in vivo approaches with in vitro and in silico methods to obtain a quantitative understanding of the molecular basis of neurodegenerative and other misfolding diseases. In an initial study we have demonstrated the potential of this approach in the case of the Ab peptide, by showing that the relative toxicity in Drosophila of its mutational variants can be predicted with a remarkable 83% accuracy from their amino acid sequences (Fig. 3) . 24 The advantage of using Drosophila models for such studies is that the brevity of their lifecycle, the power of the associated genetic tools, and the ease with which a range of toxicity-related phenotypes may be measured allows us to quantify the links between the in vivo toxicity of protein aggregates and the fundamental chemical properties of peptides and proteins.
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The results discussed above were obtained by developing a method for predicting the rate of formation of protofibrillar aggregates based on the physico-chemical properties of the amino acids comprising the sequences of the mutational variants of the Ab42 peptide that we have investigated. It is also remarkable that, despite the fact that the intrinsic aggregation propensities of typical protein sequences vary by at least five orders of magnitude, we have been able to achieve profound alterations in the pathogenic effects of Ab42 by increasing or decreasing its propensity to aggregate by less than 15%. This result suggests that proteins implicated in misfolding diseases are likely to be extremely close to the limit of their solubility under normal physiological conditions and consequently the small alterations in their concentration, environment or sequence, such as those that occur with genetic mutations or with increasing age, are likely to be the fundamental origin of these highly debilitating and increasingly common conditions.
The approach that we are developing is already enabling us to obtain accurate quantitative measurements of the relationships between the manifestations of neuronal dysfunction in a complex organism, such as locomotor defects and reduced lifespans, and the fundamental physico-chemical factors that determine the propensities of peptides and proteins to aggregate into oligomeric species and protofibrils. Our research is aimed at demonstrating that, despite the presence within the cell of multiple regulatory mechanisms such as molecular chaperones and degradation systems, it is the intrinsic, sequence-dependent propensity of the polypeptide chains to aggregate to form protofibrillar aggregates that is the primary determinant of its pathological behaviour in living systems.
Thus, by using quantitative in vivo and in vitro techniques we are exploring the links between various conformational states and pathological effects. Our strategy is to use the results of in vitro biophysical methods, including NMR spectroscopy, fibril formation assays and amyloid staining, to deduce the events occurring in vivo. We have pioneered this strategy in the case of the Ab peptide to differentiate the effects of the propensities to form either fibrillar or protofibrillar aggregates, by rationally designing mutations that alter either the fibrillar or the protofibrillar propensities.
24

Protein homeostasis in normal and aberrant biology
The fundamental connection between two aspects of proteins in the cell-their abundance and their solubility-is increasingly evident. A direct characterisation of this relationship is the very high correlation (97%) observed between the in vitro aggregation rates of a series of human proteins and the corresponding in vivo mRNA expression levels. 27 Thus, even relatively small alterations in protein abundance and in vivo solubility can be linked to human disease, as described below.
The existence of a close relationship between mRNA expression levels and protein aggregation rates (Fig. 4) provides a new perspective on the phenomenon of protein aggregation and of its connections with misfolding diseases. 27 In essence, these results suggest that the amino acid sequences of proteins determine not only their Fig. 3 Rational design of the toxic effects of Ab42 mutants in a transgenic Drosophila model of Alzheimer's disease. 24 The relative longevity (S tox , y-axis) of flies expressing a range of Ab42 variants is predicted accurately by a score (Z tox , x-axis) for the propensity to form protofibrillar aggregates (r ¼ 0.83, p < 0.00001).
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The strong degree of anticorrelation between expression levels and aggregation rates suggests that the aggregation propensities of the proteins needed by the cell are precisely tuned to levels that enable them to be functional at the concentrations required for optimally efficient performance. It also indicates that protein molecules have co-evolved with their cellular environments to be sufficiently soluble for their biological roles, but no more so, and hence that aggregation can result from even minor changes in the chemistry and in the regulation of otherwise harmless proteins. Indeed, expression at higher levels than those found naturally is likely to result in enhanced clearance or in deposition of the proteins involved, both of which can generate disease. The intimate relationship between expression levels and aggregation rates is the net result of the opposing effects of an evolutionary pressure to remain soluble at the concentrations needed by the cell and random mutational processes that tend to increase their aggregation propensity. 27 Thus, over time, evolutionary selection generates proteins able to resist aggregation just at the levels required. Such a relationship provides dramatic evidence for the generic ideas about aggregation 10, 28 -specifically that the propensity of proteins to revert to the amyloid state is the ultimate origin of amyloid-related diseases.
We are just beginning to explore in detail the hypothesis that proteins have evolved to have low enough aggregation propensities to enable an organism to function optimally, but with almost no scope for dealing with any situation where these levels increase further. We are now investigating the way in which variations in the concentration of proteins influence their behaviour in the cell. These studies are enabling us to understand the interplay of the physico-chemical properties of proteins and of the quality control mechanisms present in the cell to regulate the way in which they act. The approach that we are developing will enable us to obtain accurate measurements of the relationships between manifestations of neuronal dysfunction in a complex organism, such as locomotor defects and reduced lifespans, and the fundamental chemical factors that determine the propensities of peptides and proteins to aggregate into protofibrils. 24, 75 We aim to understand how, despite the presence within the cell of multiple regulatory mechanisms such as molecular chaperones and degradation systems to avoid protein deposition, the intrinsic sequence-dependent propensity of polypeptide chains to aggregate remains Fig. 4 Relationship between mRNA expression levels measured in vivo through microarray technologies and the aggregation rates of the corresponding proteins measured in vitro. We have considered all the 11 human proteins, either involved in disease (red circles) or not (blue circles), for which protein aggregation rates have been measured under near-physiological conditions. a major determinant of the pathologies associated with misfolding and aggregation in living systems. In addition to demonstrating that rational mutagenesis can be used to alter systematically the toxicity of peptides and proteins, the transgenic Drosophila models that we are developing are enabling us to perform a quantitative analysis of the effects on the lifespan and mobility of Drosophila of other factors likely to be relevant to the in vivo aggregation process, in particular molecular chaperones, small therapeutic molecules and antibodies, or antibody-like species, by co-expression techniques.
Towards a quantitative biology based on physico-chemical principles
Complex regulatory networks, involving primarily nucleic acids and proteins, orchestrate the cellular functions required to maintain protein homeostasis.
3,33 These same cellular functions are also, however, dependent on the basic chemistry of the molecules taking part in them. Therefore, the ''chemical'' and the ''cellular'' views of cell biology are closely related, as is revealed, for example, by the high correlation between expression levels and aggregation propensities. By this statement, we do not mean that gene regulation itself is not important, as there is a huge amount of evidence that demonstrates its key role in protein homeostasis. 76 What we are saying is that very significant advances can be made by considering the ''chemical view'' of protein homeostasis. Studies are under way to explore the validity of the hypothesis that we have formulated according to which the necessity of avoiding aggregation plays a major evolutionary role in ensuring that proteins can remain soluble in the cell at the concentrations required for their function.
As an initial example, we discuss here the case of gene expression, which is the process through which the information contained in the DNA sequence of an organism is converted into functional proteins. 76 In response to the requirements of a cell, each step in the process of gene expression is regulated by complex cellular mechanisms, from the transcription of DNA into mRNA to the post-translational modification of proteins. The conversion of the information stored in DNA into proteins takes place through several phases that are highly regulated in response to the functional requirements of proteins by the cell. A detailed knowledge of the mechanisms of regulation can be used to rationalise and ultimately predict the outcome of the gene expression process. For example, the study of cis-regulatory motifs encoded in DNA sequences has reported an accuracy of about 70% for the prediction of expression patterns, while the correlation between the frequency of translational codons and gene expression levels is estimated to be around 60%.
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As an alternative to the strategy of exploiting the knowledge of the cellular regulatory processes to predict gene expression, we have proposed an approach, which has been prompted by the observation that proteins, once expressed, must remain soluble and avoid misfolding and aggregation in order to function optimally and to avoid cellular damage. 27 Since, as discussed above, we have established quantitative methods for predicting aggregation rates of proteins from the knowledge of the chemical properties of their sequences, we are in a position to investigate the relationship between these properties and the levels of expression of the genes. Our results indicate that it is possible to predict mRNA expression levels in E. coli with an accuracy of 90% or better from the knowledge of the sequences of the corresponding proteins (Fig. 5) . 45 
Conclusions
Quantitative methods in molecular biology are providing unprecedented insights into the molecular mechanisms by which protein homeostasis is maintained in the cell. By drawing primarily on results from our own research we have discussed a variety of strategies based on the physico-chemical properties of proteins that appear to be particularly promising for increasing our ability to describe their behaviour in vivo and to suggest rational approaches to modulate it.
